Recent studies in species that fertilize externally have demonstrated that fertilization triggers localized activation of Src-family protein kinases in the egg cortex. However, the requirement for Src-family kinases in activation of the mammalian egg is different from lower species and the objective of this study was to characterize changes in the distribution and activity of Src-family protein tyrosine kinases (PTKs) during zygotic development in the mouse. Immunofluorescence analysis of mouse oocytes and zygotes with an anti-phosphotyrosine antibody revealed that fertilization stimulated accumulation of P-Tyr-containing proteins in the egg cortex and that their abundance was elevated in the region overlying the MII spindle. In addition, the poles of the MII spindle exhibited elevated P-Tyr levels. As polar body extrusion progressed, P-Tyr-containing proteins were especially concentrated in the region of cortex adjacent to the maternal chromatin and the forming polar body. In contrast, P-Tyr labeling of the spindle poles eventually disappeared as meiosis II progressed to anaphase II. In approximately 24% of cases, the fertilizing sperm nucleus was associated with increased P-Tyr labeling in the overlying cortex and oolemma.
Introduction
Src-family protein tyrosine kinases (PTKs) are cytoplasmic enzymes that can be targeted to plasma membrane microdomains where they typically act to transduce signals from external stimuli (Bromann et al., 2004) . Signal transduction cascades involving Src-PTKs such as Fyn, Src and Yes have been shown to play a major role during egg activation and early development in species that fertilize externally such as marine invertebrates, amphibians and fish (Sato et al., 2000; Wu and Kinsey, 2001; Runft et al., 2002) . In these species, Src-family PTKs are activated rapidly after fertilization and function in triggering the sperm-induced calcium transient that initiates the egg activation process (Giusti et al., 1999; Giusti et al., 2000; Kinsey and Shen, 2000; Sato et al., 1998 Sato et al., , 2000 Kinsey et al., 2003) . In the zebrafish oocyte, kinase activation was shown to be initiated at the point of sperm-egg fusion and to progress through the egg cortex (Sharma and Kinsey, 2006) . Later stages of egg activation such as pronuclear fusion and mitosis also require PTK activity although the specific kinases involved in these steps have not been identified (Moore and Kinsey, 1995; Wright and Schatten, 1995) . Once development has begun, Fyn and Yes are required for cell movements involved in epiboly (Tsai et al., 2005; Sharma et al., 2005) while Src and Yes function during cell intercalation and blastopore closure (Denoyelle et al., 2001) . The role of Src-family PTKs in mammalian fertilization is clearly different from that in externally fertilizing species. For example, while mammalian eggs express Fyn, Yes and in some cases, Src (Talmor et al., 1998; Talmor-Cohen et al., 2004a ) these kinases are not required for the unique sperm-induced calcium oscillations (Mehlmann et al., 1998; Kurokawa et al., 2004; Mehlmann and Jaffe, 2005) which trigger egg activation in mammals (Carroll, 2001) . Instead, these calcium oscillations are initiated directly by a sperm-borne phospholipase that does not require PTK regulation (Cox et al., 2002) . The function of Src-family PTKs in later stages of mammalian fertilization has been addressed primarily through the use of parthenogenetic activation. Studies in mouse and rat demonstrate that agents which suppress Src-family kinase activation also inhibit the MII/anaphase transition induced by parthenogenetic activation in vitro. In addition, microinjection of active Fyn kinase has been shown to stimulate meiosis resumption in mouse and rat (Sette et al., 2002; TalmorCohen et al., 2004a) . A second requirement for Src-family PTK activity at S or S/G2 phase of the first mitotic division has been demonstrated through the use of chemical inhibitors such as genistein (Besterman and Schultz, 1990; Jacquet et al., 1995) . Further analysis using GST fusion proteins encoding the SH2 domain of Fyn have confirmed the importance of Src-family kinase activity for development past the pronuclear stage (Meng et al., 2006) . Together, these observations indicate that Srcfamily kinases such as Fyn may play an important role in development of the mammalian zygote, but it is unclear which specific pathways are regulated during zygotic development.
The objective of the present study was to determine whether fertilization of the mouse oocyte triggers the global activation of Src-family PTKs in the egg cortex as occurs in lower species (Sharma and Kinsey, 2006) . The approach was to first use antibodies to phosphotyrosine to establish which parts of the egg contain elevated levels of phosphotyrosine, and secondarily to use an antibody to activated Src-family PTKs to establish the distribution and activation pattern of this family of kinases. The results indicate that fertilization does stimulate PTK signaling in localized regions of the mouse egg. The activated Src-family kinases are associated with meiotic and mitotic spindle microtubules and the pronuclear envelope. The activation pattern of these kinases is different from that in lower species such as zebrafish since even though P-Tyr labeling indicated that some tyrosine kinase was active in the egg cortex, the activated Src-family PTKs were restricted primarily to the spindle and the pronuclear envelope. One potential application of these studies could be to evaluate the quality of egg activation and zygote development under different conditions used in assisted reproductive technologies. Therefore, we have focused our morphological studies primarily on zygotes produced by in vivo fertilization and not exposed to in vitro culture during recovery and fixation.
Materials and methods

Embryo and oocyte collection
Oocyte cumulus complexes (OCC) and zygotes were collected from 6-to 7-week-old CF1 female mice (Harlan Sprague-Dawley, Indianapolis, IN, USA). Females were stimulated with 5 IU eCG (Calbiochem, San Diego, CA, USA) followed by 5 IU hCG 48 h later. To produce in vivo fertilized embryos, female mice were mated with mature B6D2F1 (C57BL/6× DBA/2) male mice. Embryos were collected every 15-30 min between 13.0 and 16.0 h post-hCG to provide a range of developmental stages from non-fertilized OCC to early pronuclei. Embryos were also collected at later stages of development (times post-hCG: 24 h = 2 pronuclei, 48 h = late 2 cell, 72 h = compacting 8 cells, 120 h blastocyst). Embryos and OCC were released from the oviducts directly into fixative with phosphatase inhibitors to avoid the possibility that the ex vivo environment or culture conditions might influence the activity of protein kinases or phosphatases in the egg.
Western blot analysis
MII oocytes collected as above were incubated in FHM (HEPES-buffered KSOM, Specialty Media Phillipsburgh, NJ, USA) containing 0.3 mg/ml hyaluronidase and 40 μM phenylarsine oxide and 100 μM sodium orthovanadate to remove attached cumulus cells. The oocytes were then washed three times in FHM medium, then excess medium was removed with a pulled glass pipet. The oocytes were immediately solubilized in a final volume of 10 μl of SDS-gel sample buffer containing 40 μM phenylarsine oxide and 100 μM sodium orthovanadate and stored at − 70°C. Samples were resolved on a 10% SDS-PAGE with a 4% stacking gel. The wells in the stacking gel were formed with a comb containing teeth 1 mm in width, which facilitated analysis of very small sample volumes (typically 1 μl). Immunoblotting and detection was performed as previously described (Sharma and Kinsey, 2006) .
Fixation and immunohistochemical staining
All eggs and embryos were fixed for 5 min at room temperature in FHM medium with 2% paraformaldehyde followed by 30 min at 35°C in microtubule stabilization buffer (0.1 M PIPES, pH 6.9, 5 mM MgCl 2 ·6H 2 O, 2.5 mM EGTA) containing 2% formaldehyde, 0.1% Triton X-100, 1 μM Taxol, 10 U/ml aprotinin and 50% deuterium oxide (Messinger and Albertini, 1991) . After fixation, eggs and embryos were transferred into wash solution (PBS containing 2% BSA, 2% powdered milk, 2% normal goat serum, 0.1 M glycine and 0.01% Triton X-100) and held overnight at 4°C. All fixatives and wash solutions were supplemented with 40 μM phenylarsine oxide and 100 μM sodium orthovanadate to inhibit phosphatase activity. Cumulus cells were removed after fixation and immediately before staining by adding 0.3 mg/ml hyaluronidase to the wash solution for less than 1 min. Embryos were washed twice without hyaluronidase before labeling.
To limit the potential effects of storage time on phosphorylated epitopes, all embryos were labeled within 24 h of fixation and imaged within 2 days after labeling. The clone 28 mouse monoclonal antibody (Biosource International, Camarillo, CA, USA) was used to localize activated forms of Src, Fyn and Yes, while a monoclonal antibody to the autophosphorylation site at Tyr416 (Nonphospho-Src(Tyr416),Cell Signaling Technology Inc., Danvers, MA) was used to detect inactive Src-family PTKs. An anti-phosphotyrosine antibody (clone 4G10, Upstate, Lake Placid, NY, USA) was used to localize tyrosine phosphorylated proteins. Embryos were co-labeled with either rat monoclonal anti-tubulin (YOL 1/34, Abcam Inc., Cambridge MA, USA) or phalloidin conjugated with Alexa 568 (to label f-actin) to display cytoskeletal structures. Secondary antibodies were goat anti-mouse Alexa 488 or goat anti-rat Alexa 568 (Molecular Probes, Eugene OR USA). Negative controls were prepared identically to the labeled samples however primary antibodies were pre-mixed with either phospho-L-tryosine (clone 4G10) or clone 28 blocking peptide (EPQYQPGENL-COOH) synthesized by (Synpep Corp. Dublin, CA) at 1.0 μM. In experiments where both clones 28 and 4G10 were used, the embryos from each treatment were divided randomly after fixation and all embryos from each replicate were labeled and imaged at the same time. Embryos were labeled with primary antibodies at 35°C for 1 h, washed 3× then labeled with secondary antibody for 1 h. After secondary labeling, embryos were transferred to a wash solution containing 1 μg/ml Hoechst 33258 with or without Alexa 568-phalloidin and stored in the dark overnight at 4°C. Embryos were mounted the following morning and imaged (mounting medium consisted of 1:1 glycerol: PBS supplemented with 5 mg/ml sodium azide and 1 μg/ml Hoechst 33258). All chemicals, hormones and reagents were purchased from Sigma Chemical Company, St. Louis, MO, unless otherwise stated.
Imaging and data analysis
Samples were imaged by serial z-sections (8 μm depth) on an inverted Zeiss LSM500 confocal microscope. The serial z-sections were used to detect 3-dimensional relationships between the egg cortex, meiotic spindle and fertilizing sperm. Fluorescence intensity was quantitated by linescan and by area measurement analysis using Metamorph 6.2 (Universal Imaging Corp., Downington, PA).
Pharmacological treatment of eggs fertilized in vitro
In order to test the effects of Src-family PTK inhibitors on fertilization and initiation of embryonic development, a synchronized pool of zygotes was produced by in vitro fertilization, using methods previously published (Summers et al., 2005) . Briefly, oocyte cumulus complexes (OCC) were collected 14 h post-hCG from superovulated CF1 female mice. Sperm were collected from the cauda epididymis of mature B6D2F1 male mice and capacitated for 90 min in modified Tyrode's medium. OCC were released directly into fertilization drops of mKSOM aa medium (KSOM aa , Chemicon, Temecula, CA) supplemented with 4 mg/ml BSA, 5.56 mM glucose and 1 mM glycyl-glutamine (Biggers et al., 2004) . Capacitated sperm were added to OCC (1 × 10 6 /ml) and allowed 5 h for fertilization and early pronuclear formation. Several PTK inhibitors were tested including: PP2 (10 and 100 μM; Calbiochem, San Diego, CA), SKI-606 (1 and 10 μM; Calbiochem), PD168393 (0.5 and 5 μM; Calbiochem) and GTP-14564 (2 and 20 μM; Calbiochem). Inhibitors were prepared as stock solutions in DMSO and stored at − 20°C. Culture medium was equilibrated in the CO 2 incubator in 15 ml tubes for at least 2 h before culture. Immediately before adding embryos, each inhibitor was thawed and mixed with pre-equilibrated mKSOM aa medium and 50 μl drops were placed into NUNC 4-well plates. Each treatment drop was overlain with mineral oil (sterile filtered Sigma Embryo Tested Mineral Oil, cat. M8410) containing the same concentration of the inhibitor. After 24 h culture, all embryos were fixed for immunofluorescence analysis as described above. Statistical analysis of developmental success was performed using SigmaStat software (Jandel Scientific, San Rafael, CA).
Results
Evidence for PTK activity in the mouse oocyte
It is well established that the mammalian oocyte expresses active protein tyrosine kinases with the result that P-Tyrcontaining proteins accumulate in the egg (Besterman and Schultz, 1990; Kurokawa et al., 2004) . In order to gain an insight into the regions of the egg that are actively involved in PTK signaling during fertilization, we used a well-established monoclonal antibody to phosphotyrosine (4G10) to localize PTyr in mouse oocytes and zygotes. Our procedure entailed the aggressive use of phosphotyrosyl phosphatase inhibitors at all stages of sample preparation to prevent dephosphorylation of tyrosine residues by phosphatases present in the egg and in the reagents used for immunofluorescence. Initial observations recorded at lower magnification Fig. 1 , revealed that P-Tyr residues were distributed uniformly in the cytoplasm of the MII oocyte with some concentration in the cortex adjacent to the MII spindle (Fig. 1A, white arrows) . Fertilization triggered accumulation of P-Tyr in the egg cortex which was evident by early anaphase (Fig. 1B) , remained elevated through telophase (Fig.  1C ) and became less intense by the pronuclear stage (Fig. 1D ). Visual analysis of over 60 oocytes and zygotes indicated that fertilization triggered increased accumulation of P-Tyr-containing proteins in the egg cortex. These changes in fluorescence intensity were quantitated in 22 oocytes or zygotes that were oriented such that the meiotic spindle or polar bodies could be clearly identified. The ratio of anti-P-Tyr fluorescence intensity in the egg cortex relative to that in the central cytoplasm was determined by quantitation of average pixel intensity (integrated pixel intensity / pixel number). These measurements were made in the cortex (egg surface and cytoplasm 5 μm deep) and the central cytoplasm (region deep to the cortex) using Metamorph 6.2. As seen in Table 1 , fertilization resulted in a 1.5-fold increase in the concentration of P-Tyr-containing proteins detected in the cortex over that in the central cytoplasm. The magnitude of the changes in P-Tyr content of the egg cortex relative to the central cytoplasm was also evident when fluorescence intensity was quantitated by linescan analysis through the equator of the egg. As seen in Fig. 2 , fluorescence intensity was not concentrated in the egg cortex prior to fertilization. However, zygotes collected at anaphase II and telophase II exhibited a marked concentration of P-Tyr proteins in the egg cortex represented in Fig. 2 as the left and right extremes of the x axis.
In most cases, the cortical fluorescence intensity was not uniform over the entire egg, but appeared more intense over the half of the zygote containing the meiotic spindle ( Fig. 1) . In order to demonstrate the asymmetric nature of the cortical PTyr-specific fluorescence, the fluorescence intensity of the entire egg cortex was quantitated by circumferential linescan analysis and presented as a two dimensional graph in Fig. 3 . Linescans were initiated in the cortex of the egg 180°opposite the meiotic spindle and progressed clockwise around the egg. The pixel intensity was averaged over a region of cortex approximately 5 μm deep beginning at the egg surface. In this analysis, the cortex adjacent to meiotic spindle appears near the middle of each graph and is indicated by arrows. These measurements were not intended to compare fluorescence intensity from egg to egg but rather to show the changes in relative fluorescence intensity from region to region in a single egg cortex. As predicted from the images presented in Fig. 1 , the P-Tyr-specific fluorescence in the cortex appeared as a collection of microspikes of varying intensity across the circumference of the egg. In unfertilized oocytes, the amplitude of the microspikes near the meiotic spindle was, for the most part, similar in intensity to those elsewhere in the cortex. However, during anaphase/telophase, cortical fluorescence intensity was 2-to 2.5-fold higher in the hemisphere containing the maternal chromatin and spindle (arrows). Highly localized concentrations of P-Tyr containing proteins were consistently observed at the margins of the site of polar body extrusion possibly reflecting the remnants of the contractile ring. At the pronuclear stage, fluorescence intensity in the cortex showed little evidence of polarity and was highly variable with scattered regions of more intense fluorescence distributed around the entire egg. Further observations made at higher magnification showed more clearly that, in the unfertilized egg, P-Tyr was concentrated in the cortex overlying the MII spindle (Fig. 4A ). In addition, P-Tyr was concentrated in regions of cytoplasm adjacent to the poles of the MII spindle (Figs. 4B-D). P-Tyr was found concentrated at the spindle poles in the majority (19 of 24, 79%) of unfertilized eggs and completely disappeared after fertilization by anaphase (0 of 18).
Another feature that became obvious at higher magnification was the observation of intense P-Tyr fluorescence in the plasma membrane or cortex immediately overlying some sperm that had recently fused with the egg (Fig. 5) . Sperm in which the head appeared to be external to the egg plasma membrane (Fig.  5A ) were not associated with increased cortical fluorescence (0 of 7). However, approximately 24% (5 of 21) of the cases in which the sperm head was positioned just beneath the egg plasma membrane exhibited elevated P-Tyr labeling in the overlying egg cortex and plasma membrane (Figs. 5B-E). The fact that this feature was detected in only a subset of eggs that had incorporated sperm indicated that the P-Tyr accumulation In order to compare the level of bound anti-P-Tyr antibody in MII oocytes with that of zygotes fixed prior to the pronuclear stage, the fluorescence intensity per unit area of the egg cortex was calculated and expressed as a ratio to the intensity of the central cytoplasm of each egg or zygote. Fluorescence intensity was quantitated as pixel intensity in the green fluorescence channel using the region measurement tool in Metamorph 6.2. The region of each egg cortex was traced by hand and included the plasma membrane and the underlying cytoplasm approximately 5 μm deep. The region of the central cytoplasm was the remainder of the egg. The integrated pixel intensity of each region was divided by the number of pixels in each region. The ratio of cortical fluorescence intensity to central cytoplasmic fluorescence intensity was then calculated and the values represent the mean obtained from (n) oocytes or zygotes and is expressed ±SEM. Analysis by t-test revealed that there is a statistically significant difference between the input groups (P =< 0.001). Fig. 1 . Effect of Fertilization on the distribution of P-Tyr-containing egg proteins. MII oocytes were recovered from the oviducts of superovulated mice at 14 h posthCG and fertilizing eggs and zygotes were collected from superovulated mated females at 13.0-16.0 h post-hCG. The oocytes or zygotes were dissected free of the oviduct in the presence of fixative and processed for immunofluorescence as described in Materials and methods. The samples were stained with the mouse anti-P-Tyr monoclonal 4G10 followed by Alexa-488-goat anti-mouse IgG (green) as well as Hoechst 33258 (white) to detect DNA. In some cases, the spindle was stained with rat monoclonal YOL 1/34 anti-tubulin, which was detected by Alexa-568-goat anti-rat (red). Samples were examined on a Zeiss LSM500 confocal microscope as described in Materials and methods. ( may be a transient event. Examination of the sperm themselves indicated that while little or nor P-Tyr was detected in the head region, the entire sperm flagellum labeled with the P-Tyr antibody which was especially pronounced in the region of the midpiece (Fig. 5A ). In summary, these results clearly indicate that the MII oocyte responds to fertilization with intense PTK signaling that is localized to the cortex overlying the spindle as well as specific sites associated with the spindle poles, the site of sperm incorporation and the site of polar body extrusion. These signaling events are transient and are no longer detected at the mid-late pronuclear stage.
Evidence for activation of Src-family PTKs in the egg
In order to determine whether the above increase in P-Tyrcontaining proteins could result from localized activation of Src-family PTKs, we used a phosphorylation site-specific antibody to detect activated Src-family members in the egg by immunofluorescence. The clone 28 antibody recognizes the dephosphorylated, C-terminal tyrosine (QYQPG) and flanking sequence common to several Src-family PTKs (Kawakatsu et al., 1996) . This antibody can detect activated Src, Fyn and Yes, and possibly other Src-family members (Wu et al., 2000) , and we have used it recently to detect activated Src-family PTKs in the zebrafish egg (Sharma and Kinsey, 2006) . The specificity of this antibody in the mouse egg system was demonstrated by Western blot analysis of MII oocytes (Fig. 6 ) which showed that the clone 28 antibody bound a single band of 59-60 kDa and that binding was blocked by excess peptide epitope (EPQYQPEGNL).
Immunofluorescence analysis of mouse oocytes before and at different times after fertilization demonstrated that activated Src-family PTKs were distributed uniformly throughout the cytoplasm of MII oocytes (Fig. 7A ) and early zygotes (Figs. 7D-G). In distinct contrast to the P-Tyr labeling pattern, clone 28 binding exhibited no significant concentration in the egg cortex. However, the meiotic spindle was heavily labeled by the clone 28 antibody in all eggs examined (n = 59) as seen at higher magnification in Fig. 7B . The localization of Src-family PTKs Fig. 3 . Distribution of P-Tyr-containing proteins in the egg cortex. In order to demonstrate the asymmetric distribution of P-Tyr in the egg cortex, the fluorescence intensity of eggs and zygotes labeled with the anti-P-Tyr antibody as in Fig. 1 was quantitated by circumferential linescan analysis using Metamorph 6.2 and is indicated on the vertical axis. A measurement line was traced on images beginning from a position at the egg surface opposite the meiotic spindle and progressed clockwise around the egg cortex to include the entire cortex (horizontal axis). The position of the spindle is therefore near the center of each scan and is indicated by the arrows. Fig. 2 . Changes in the relative distribution of P-Tyr in response to fertilization. In order to demonstrate the effect of fertilization on the distribution of P-Tyr residues, transverse linescan analysis was performed on images from eggs and zygotes labeled with the anti-P-Tyr antibody as in Fig. 1 . Measurement lines were drawn originating from a point adjacent to the meiotic spindle and passing through the center of the egg to the opposite side. Pixel intensity along the course of the lines is presented in the vertical axis. Measurements made from representative unfertilized eggs are presented on the left and those made from different stages of zygote development up to the pronuclear stage.
to the spindle resembled the results of a recent report (Zheng et al., 2007) in which a monoclonal antibody (Nonphospho-Src (Tyr416)) against the autophosphorylation site of Src-family PTKs labeled the spindle in mouse oocytes. We have repeated their results (Fig. 7C) and it is clear that the clone 28 antibody and the Nonphospho-Src(Tyr416)antibody label the spindle with similar morphology. Since the Nonphospho-Src(Tyr416) antibody binds to inactive Src-family kinases, the result presented in Figs. 7B and C demonstrate that the spindle is associated with a population of Src-family PTKs that includes both inactive and active kinases. As development of the zygote progressed, the distribution of clone 28 labeling did not change during anaphase II (Fig. 7D) , telophase (Fig. 7E ) and the early pronuclear stage (Fig. 7F) . The specificity of clone 28 binding to the spindle was demonstrated by incubating the antibody with a blocking peptide (Fig. 7G) duplicating the epitope against which the antibody was designed.
Once meiosis was complete and zygotes reached the late pronuclear stage, the clone 28 antibody was found to label the pronuclear envelope (Figs. 8A and D) . In cleavage stage Fig. 1 were stained with anti-P-Tyr followed by Alexa-488-goat anti-mouse IgG (green) and Hoechst 33258 (white) to label DNA. Fertilizing (capacitated) sperm bound to the oolemma exhibited P-Tyr proteins in the sperm midpiece; however, specific P-Tyr label was not detected in the head region (A). As fertilization progressed, decondensing sperm heads located deep to the oolemma were associated with an increase in P-Tyr-containing proteins within the egg cortex immediately overlying the sperm nucleus (B-D). Occasionally, the male pronucleus formed and remained adjacent to the egg cortex for some time and the P-Tyr label continued to be detected in the cortex near the paternal chromatin (E). As the sperm DNA migrated away from the cortex, the P-Tyr label disappeared (not shown). Magnification is indicated by the bar that represents 10 μm. mouse embryos, activated Src-family PTKs continued to be associated with the nuclear envelope of the 2-cell embryo (Figs. 8B and E) although the labeling was less intense than at the pronuclear stage. Embryos that were fixed during the process of mitotic division displayed activated Src-family PTKs associated with the mitotic spindle and midbody (Figs. 8C and G) .
At compaction, activated Src-family PTKs were no longer associated with the nuclear envelope (Figs. 9A and D) and the cortex remained devoid of Src-family PTK activity. Blastocyst stage embryos also exhibited activated Src-family PTKs associated with mitotic spindles and midbodies (Figs. 9B and E, arrows). In addition, the blastocyst was the first developmental stage in which active Src-family PTKs were concentrated in the cortical cytoplasm of individual cells. This was most prominent in the inner cell mass cells but also visible in the trophoblast cells (Figs. 9E and F) . Mitotic cells exhibited increased Src-family PTK activity in all regions of the cytoplasm (Figs. 9E and F, arrows) .
In summary, even though the zygote cortex displayed fertilization-dependent accumulation of P-Tyr-containing proteins, activated Src-family PTKs were not detected in the zygote cortex. Instead, activated Src-family PTKs were localized to the meiotic and mitotic spindles as well as the nuclear envelope at the late pronuclear stage and early 2-cell stages. Once the embryo reached the blastocyst stage, cortical localization of activated Src-family PTKs was obvious in all cells of the blastocyst. Blastocysts also exhibited intense activation of Srcfamily PTKs in cells undergoing mitosis.
Functional requirement for Src-family PTKs in zygote development
In order to determine whether the catalytic activity of Srcfamily PTKs plays an important role in development of the mammalian zygote, we tested the effect of several PTK inhibitors as well as a dominant-negative mutant Fyn construct on zygote development. These experiments were performed on eggs fertilized in vitro to ensure a synchronized population. MII oocytes were fertilized by incubation with capacitated sperm for a period of 5 h, then transferred to culture drops containing different concentrations of PTK inhibitor and overlain with oil equilibrated with the same concentration of inhibitor. Zygotes were cultured for an additional 24 h then scored for developmental progress. As seen in Table 2 , 80% of the control zygotes treated with DMSO as a solvent control had reached the two cell stage. Zygotes treated with GTP14564 (Murata et al., 2003) , an inhibitor of class III receptor tyrosine kinases (IC50 0.3 μM), or PD168393, an inhibitor of the EGFr kinase (IC50 0.7 nM) (Fry et al., 1998) , successfully developed to the two cell stage within 24 h. The Src-family PTK inhibitor PP2 had a small, but significant effect on zygote development at concentrations between 10 and 100 μM, a range at which it could have non-specific effects on other protein kinases (Tatton et al., 2003; Bain et al., 2003) . However, the recently developed Src-family kinase inhibitor SKI-606 was much more effective at concentrations known to exhibit specificity in cell culture systems. Zygotes treated with SKI-606 exhibited a reduced rate of cleavage at 1 μM and were almost completely inhibited at 10 μM. Cell division was reduced to 44% at 2.5 μM, a concentration similar to the IC50 reported to inhibit proliferation of cultured somatic cells (Boschelli et al., 2004; Golas et al., 2005) . Examination of the zygotes that failed to cleave as a result of treatment with SKI-606 revealed that most were arrested prior to completion of second polar body emission. Typically, the MII spindle had rotated until it was perpendicular to the egg surface and all zygotes exhibited misplaced chromosomes and aberrant spindle microtubules. In addition, the treatment seemed to cause disruption of the microtubule dynamics in the egg resulting in some monopolar structures and astral arrays of microtubules under the egg cortex (Fig. 10) . Zygotes remained arrested in this configuration for as long as 24 h. When SKI-606 was added after meiosis was complete and two pronuclei had formed, development was still arrested prior to the first mitotic division (Table 2) demonstrating that zygotes require Src-family PTK activity at a second point during the first cell cycle.
In an effort to confirm the role of Src-family PTKs in zygotic development without the use of chemical inhibitors, we tested the effect of a dominant-negative form of the Fyn kinase produced by mutation of Lysine 399 which is critical to catalytic activity . As seen in Table 2 , injection of pronuclear stage zygotes with mRNA encoding the dominantnegative Fyn blocked development to the two cell stage with the majority of zygotes arrested with intact pronuclei (not shown). Those zygotes injected with mRNA encoding native Fyn as a control reached the two cell stage normally. Together, these 
Discussion
Numerous studies involving chemical inhibitors, dominantnegative fusion proteins and exogenous, recombinant kinases have demonstrated that PTKs including Src-family PTKs, play an important role in activation of eggs from non-mammalian species. These species typically exhibit a rapid activation of Srcfamily PTKs which may play a role in sperm-egg fusion (Sakakibara et al., 2005) and are required for the rapid, high amplitude calcium transient that triggers egg activation (Runft et al., 2002) . In addition, PTK activation has been observed later in zygotic development and is required for steps involved in pronuclear migration and fusion (Moore and Kinsey, 1995; Wright and Schatten, 1995) as well as developmental competence (Livingston et al., 1998; Sharma et al., 2005) .
The extent to which these pathways are required in mammalian fertilization is now the subject of much investigation. Recent studies have clearly shown that Src-family PTK activity is not required for the repetitive calcium oscillations that trigger activation of the mouse oocyte (Kurokawa et al., 2004; Mehlmann and Jaffe, 2005) highlighting differences between fertilization in mammals and lower species that fertilized externally. However, the experiments to date do indicate that PTKs are important for later aspects of zygotic development. Analysis of mammalian egg activation through the use of chemical inhibitors and SH2 domain-containing fusion proteins has demonstrated that MII resumption induced parthenogenetically required Src-family PTK activity (Sette et al., 2002; Talmor-Cohen et al., 2004a) . However, MII resumption induced by sperm injection has proven more difficult to inhibit with these reagents (Meng et al., 2006) . Evidence for PTK functions later in zygote development was first obtained with the chemical inhibitor genistein (Besterman and Schultz, 1990; Jacquet et al., 1995) , which blocked development prior to the exit from S-phase of the first zygotic cell cycle. Similarly, microinjection Fig. 7 . Active Src-family PTKs associate with spindle microtubules. Oocytes and zygotes fixed at different stages of zygote development were labeled with a monoclonal antibody against activated Src-family PTKs (clone 28) or with the Nonphospho-Src (Tyr416) antibody specific for inactive Src-family PTKs (Panel C only). Bound antibody was detected with Alexa-488-goat anti-mouse IgG (green) and Hoechst 33258 (white) was used to demonstrate chromatin. Active SFKs were detected as a low level of uniform fluorescence in the cytoplasm of oocytes as well as zygotes up to the early pronuclear stage. In contrast, high levels of both activated SFKs (A, B) and inactive SFKs (C) were associated with the spindle microtubules of the unfertilized MII oocytes indicating that the spindle is associated with a population of SFKs, some of which are active. Active Src-family PTKs detected with the clone 28 antibody remained associated with the spindle from early anaphase (D) and telophase (E). When the male and female pronuclei formed, the active SFKs became uniformly distributed in the cytoplasm again (F). Specificity was demonstrated by incubating the sample with the clone 28 antibody in the presence of the synthetic peptide (EPQYQPGENL) at 1 mM (G). Magnification is indicated by the bar that represents 10 μm.
of a fusion protein encoding the SH2 domain of Fyn kinase caused developmental arrest at the late pronuclear stage (Meng et al., 2006) . Together these studies suggest that, while Srcfamily PTKs may not be critical for calcium signaling at fertilization in mammals, they do play significant roles in later events critical to development of the mammalian zygote.
The signaling mechanisms present in the mammalian oocyte prior to fertilization include receptor protein tyrosine kinases such as EGF receptor (Hill et al., 1999) and c-Kit (Motro and Bernstein, 1993) , as well as the Src-family PTKs Yes, Fyn and, in some cases, Src (Talmor-Cohen et al., 2004a; Mehlmann and Jaffe, 2005) . While direct measurement of PTK activity in mammalian eggs has proven difficult (Talmor et al., 1998) , the presence of active PTK signaling (phosphorylation greater than dephosphorylation) can also be inferred by the accumulation of the P-Tyr reaction product which can be detected either by chemical means (Besterman and Schultz, 1990) or with anti-PTyr antibodies (Kurokawa et al., 2004) . These studies have indicated that since the amount of P-Tyr in the egg increased after fertilization, the balance between PTK and PTPase shifts after fertilization such that P-Tyr is allowed to accumulate. In the present study, we have used immunofluorescence localization of P-Tyr-containing proteins as a method to detect increased PTK signaling within different subcellular compartments of the zygote. This study was made possible by careful attention to controlling post-fixation dephosphorylation of egg proteins through the use of the covalent PTPase inhibitor phenylarsine oxide at all stages of fixation and processing. The results demonstrated that increased PTK signaling occurs in several different subcellular compartments following fertilization of the mouse egg.
Immunofluorescence analysis of P-Tyr accumulation during fertilization and zygote development revealed that fertilization is followed by highly localized changes (both increases and decreases) in PTK signaling in the egg. The unfertilized MII oocyte was relatively quiescent with a low level of P-Tyr distributed fairly evenly throughout the oocyte with only a slight concentration of P-Tyr in the cortex adjacent to the MII spindle and at the spindle poles. Fertilization resulted in a significant accumulation of P-Tyr in the zygote cortex indicating that increased PTK signaling was occurring in this compartment. The distribution of cortical P-Tyr exhibited a distinct polarity in most zygotes with the highest concentration of P-Tyr in the hemisphere associated with the meiotic spindle. During anaphase, the region directly overlying the spindle (corresponding generally with the cortical granule free domain (Deng et al., 2003) ) was usually most intensely labeled by the anti-P-Tyr antibody. This suggests that PTK signaling may play an important role in either actin-mediated events that modify this region of cortex, or in other signaling pathways such as MAPK (Deng et al., 2005) or PAR-3 (Duncan et al., 2005) , which characterize this important region. Within the zygote cortex, further concentrations of P-Tyr were detected at the shoulders of the emerging polar body associated with the region occupied by the contractile ring. The contractile ring in sea urchin embryos has been associated with ganglioside-1 and cholesterol-rich microdomains that are characterized by intense PTK signaling (Ng et al., 2005) , and it is likely that a similar mechanism is employed during polar body extrusion.
While fertilization caused an increase in PTK signaling in the egg cortex, the highly localized accumulation of P-Tyr at the spindle poles decreased as anaphase progressed and disappeared at telophase. The fact that PTK signaling at the spindle poles declined as meiosis progressed indicates that this pathway is likely linked to the cell cycle events that control spindle function. Enzymes such as MAPK (Hatch and Capco, 2002) and polo like kinase (Wianny et al., 1998; Tong et al., 2002; Fan et al., 2003) , which are substrates for PTKs and have been localized to spindle poles are likely targets for PTK signaling in this region.
Another highly localized PTK signaling event was detected in the cortex overlying the site of sperm incorporation. Since PTyr concentration was found in only 24% of the sperm incorporation sites observed, we infer that it could represent a transient signaling event. This event was not detected in the early stages of sperm incorporation such as sperm-egg attachment or formation of the fertilization cone. Instead it was apparent only after the sperm head was fully incorporated and generally when nuclear decondensation had begun. It is not clear whether the P-Tyr containing proteins observed overlying the sperm head were egg proteins or were contributed by the sperm. It is also unclear whether they were phosphorylated by a PTK derived from the egg or the sperm. The timing of this localized signaling event indicates that it does not represent the phosphorylation of uroplakin III, which occurs rapidly in the Xenopus oocyte and is thought to function in sperm-egg fusion (Sakakibara et al., 2005) . In any case, this interesting finding demonstrates that the site of sperm incorporation/decondensation is associated with highly localized PTK signaling.
The above results raise the question of which PTKs in the egg are responsible for the localized changes in protein tyrosine phosphorylation. The recent development of phosphorylation site-specific antibodies that recognize the activated form of different PTKs has provided a method to identify which PTKs are activated in different subcellular compartments. As an initial step, we have used the clone 28 antibody (Kawakatsu et al., 1996) which is specific for the activated form of Src-family PTKs and has been used to demonstrate highly localized changes in Src-family PTK activity in tissues ranging from kidney, peripheral nerve, endometrium and various cancers (Takikita-Suzuki et al., 2003; Zhao et al., 2003; Ito et al., 2002) . One limitation is that since the sequence of amino acids flanking the C-terminal tyrosine is highly conserved among Src-family members, this antibody cannot differentiate among the different family members. However, only a limited number of Src-family PTKs have been detected in eggs of different species (O'Neill et al., 2004; Mehlmann et al., 2001; Talmor-Cohen et al., 2004a) . Therefore, the kinases detected by the clone 28 antibody in Fig. 9 . Distribution of activated SFKs in the morula and blastocyst. Embryos were fixed at the compaction (∼48 h post-hCG) and the expanded blastocyst (120 h post-hCG) stages, then labeled with the clone 28 antibody (green) as well as Alexa 568-phalloidin (red) to visualize f-actin. At the 8-cell compacted stage, activated SFKs were no longer associated with the nuclear envelope and were evenly distributed throughout the cytoplasm. In blastocyst stage embryos (B, C, E, F), activated Src-family PTKs were concentrated at the cortex of most inner cell mass and trophoblast cells as well as at mitotic spindles and midbodies (arrowheads). At higher magnification (C, F) activated Src-family PTKs were concentrated in cells actively undergoing mitosis (arrows). Magnification is indicated by the white bar that represents 10 μm.
the egg probably include Fyn, Yes and possibly Src, although other Src-family PTKs may contribute to our results. The antibody would not be able to detect the closely related Abl, the receptor type PTKs such as Kit or EGF receptor or other PTKs such as FAK or JAK.
The most surprising observation was that activated Srcfamily PTKs were not highly localized to the zygote cortex which exhibited such a dramatic increase in P-Tyr after fertilization. We have previously shown that Fyn kinase is concentrated at the cortex of the mouse egg (Meng et al., 2006) but the present results indicate that in the mouse egg, Fyn must remain inactive in this compartment until later in development. This observation contrasts with our results in the zebrafish egg which exhibited cortical activation of Src-family PTKs at fertilization (Sharma and Kinsey, 2006) . Instead, the results in mouse demonstrated a very striking association of activated Src-family PTKs with active spindle structures (both meiotic and mitotic) as well as midbodies. This finding confirms earlier results obtained with this same antibody in somatic cells (Wu et al., 2000; Yamada et al., 2000; Yamamoto et al., 2002) . Localization of active Src-family PTKs to the spindle also correlated well with the demonstration that Fyn kinase was tightly bound to the meiotic spindle in rat oocytes (TalmorCohen et al., 2004b) . A similar approach was used by Zheng et al., 2007 to detect Src-family PTKs in the mouse oocytes. Their results demonstrated that an antibody to non-activated Src-family PTKs (Nonphospho-Src(Tyr416)) also bound to the MII spindle with a morphology similar to that reported here for the clone 28 antibody. The fact that both active and inactive Src-family PTKs were associated with the spindle at all stages of spindle function suggests that this signaling mechanism may play a role in maintenance of the spindle structure or function. For example, tyrosine phosphorylation of CDC2 has been linked to its ability to drive assembly of the mitotic spindle in yeast (Gould and Feoktistova, 1996) .
In addition to the spindle, the second most obvious site of Src-family PTK activation was at the pronuclear envelope of late pronuclear stage zygotes. We have previously demonstrated that Fyn kinase associated with the pronuclear envelope (Meng et al., 2006) , so it is likely that Fyn represents some of the activated Src-family PTKs detected by the clone 28 antibody near the pronuclear membranes. The association of active PTKs with the nuclear envelope remained high at the 2-cell stage but was much reduced by the four-cell stage and was not evident in the nuclei of blastocysts or in somatic cells such as cumulus cells. The demonstration of activated Src-family kinases located at the surface of the nuclear envelope during pronuclear through the two cell stage correlates well with functional data demonstrating that PTK activity and Src-family PTK activity specifically is required at this stage. For example, chemical PTK inhibitors have been shown to cause zygotic arrest at this stage (Besterman and Schultz, 1990; Jacquet et al., 1995) and GST Fig. 10 . Inhibition of Src-family PTK activity disrupted normal microtubule dynamics during meiosis II. Mature, MII oocytes were fertilized in vitro for 5 h, then transferred to medium containing SKI-606 (10 μm) (A) or DMSO (B). Zygotes were examined at 24 h post-IVF when most controls were at the two cell stage. All embryos that failed to cleave to the two cell stage were fixed and stained with anti-tubulin (green) and Hoechst 33258 (white). Panel A demonstrates typical SKI-606-treated zygotes, and Panel B demonstrates the morphology of DMSO-treated controls that failed to cleave within 24 h. Magnification is indicated by the bar which represents 10 μm. and cultured in normal mKSOM AA . The status of the zygotes was assessed at 24 h post-fertilization by examination by Hoffmann modulation or confocal fluorescence microscopy to establish whether sperm incorporation did occur and whether cell division had occurred. Values represent the mean from at least two experiments. *Indicates that the value is significantly different from the DMSO control group as determined by t-test (P < 0.05).
fusion proteins encoding the SH2 domain of Fyn caused mouse zygotes to arrest at the late pronuclear or two cell stage. While Src-family PTK activation has been shown to play a role in cell cycle events in somatic cells (Courtneidge, 2002) , the fact that intense, nuclear envelope-associated PTK activation was primarily observed at the 1-2 cell stage indicates that this must represent a zygote-specific function, possibly involving alterations in nuclear structure associated with zygotic gene activation.
The use of pharmacological inhibitors specific for Src-family PTKs has included studies of the PP2 which blocks MII resumption in response to parthenogenetic stimuli but only at high concentrations (Sette et al., 2002; Talmor-Cohen et al., 2004a) . SU6656, which appears to become sequestered in vacuoles in the egg, has little effect on fertilization (Mehlmann and Jaffe, 2005) . In the present study, we have tested the recently developed quinolinecarbonitrile derivative SKI-606 which combines high specificity for Src-family PTKs with superior aqueous solubility and stability (Boschelli et al., 2004) . The compound inhibits Src in vitro with an IC 50 of 1.2 nM, while it exhibited an in vitro IC50 of 2.6 μM for the receptor PTK ErbB-2, and 19 μM for the Ser/THr kinase Cdk4 (Boschelli et al., 2001) . Like PP2 (Clark and Peterson, 2003) , SKI-606 also inhibits the closely related Abl kinase with an IC50 of 1.0 nM. The compound readily penetrates the plasma membrane, blocking Src kinase activity in cultured cells with an IC50 of 250 nM and Src-dependent cell proliferation with an IC50 of 1.5-2.5 μM. The stability of this compound in aqueous media leads to its ability to inhibit tumor growth in vivo with an IC50 of 250 nM (Golas et al., 2005 ) and the compound is now undergoing clinical trials for treatment of human cancer (ClinicalTrials.gov). We found this compound to block meiosis II completion and cause abnormal spindle structures and a high frequency of misplaced chromosomes. When added after meiosis was complete, it blocked development to the two cell stage. In order to confirm this result by another means and begin the process of determining which Src-family PTKs are involved in different stages of zygotic development, we used a dominantnegative form of Fyn kinase introduced by RNA injection. The results of this experiment indicated that Fyn is likely to be a key component of those Src-family PTKs required for zygotic development. The use of kinase-inactivating mutations to produce dominant-negative forms of Src-family PTKs has been successfully employed in developmental studies before (Denoyelle et al., 2001) . The kinase inactivating point mutation used in Fyn K299M has the advantage that the U, SH3 and SH2 protein interaction domains remain intact and can compete with the native Fyn for protein interactions occurring both upstream and downstream. To the extent that the specificity of these interactions is common to other Src-family members, the dominant-negative construct can be expected to compete with other Src-family members and thereby block compensation by these kinases. This provides an advantage over single gene knockout or RNAi knockdown studies but makes it more difficult to identify the role of each specific kinase. While Srcfamily PTKs are well known to share overlapping specificity, it is unlikely that non-Src-family PTKs would be affected by this dominant-negative construct since they would not share the combination of SH2, SH3 and U domain specificities.
In summary, the present study has demonstrated that fertilization in mammals results in highly localized PTK signaling events associated with specific regions of the egg cortex, meiotic spindle and pronuclear envelope. Their localized nature and differential timing indicates that they are likely under different control mechanisms in the zygote. The Src-family PTKs, which are highly concentrated in the egg cortex, were not activated significantly in this compartment and it is likely that other PTKs are responsible for the intense tyrosine phosphorylation of proteins in the cortex of the mouse egg. Instead, the Src-family PTKs appeared to play roles in spindle structure or function as well as nuclear events unique to the zygote and early cleavage stages.
